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Abstract: 

Organic aerogels are a class of materials most suited for their transformation into electrically 

conducting porous carbon networks. Typically, polymeric aerogels are prepared via base- or 

acid-catalyzed polymerization of organic monomers. In this work, we report the first synthesis 

of graphene oxide (GO) induced gelation of poly(urethane-amide) networks which upon 

pyrolysis yield monolithic N-doped amorphous carbon/reduced GO (rGO) aerogels. Here GO 

plays a significant multifunctional role of (i) inducing the gelation of poly(urethane-amide) 

networks; and (ii) tailoring the physical properties of N-doped amorphous carbon-rGO 

aerogels. The resulting aerogels were characterized by X-ray diffraction (XRD), N2 sorption 

porosimetry, X-ray photoelectron spectroscopy (XPS), Fourier-Transform Infrared 

spectroscopy (FT-IR), Fourier-Transform Raman spectroscopy (FT-Raman), Field emission 

scanning electron microscopy (FE-SEM), High resolution transmission electron microscopy 

(HR-TEM) which supports the formation of highly porous carbon/rGO network. Importantly, 

the obtained N-doped amorphous carbon/rGO aerogels (0.76 wt% of GO) are electrically 

conducting with pore volume, pore diameter and surface area of 0.39 cm3g-1 (69% 

mesopores), 36 nm and 260 m2g-1 respectively. The significantly enhanced specific 

capacitance is derived from the tailored 3-D mesoporous structure of the N-doped amorphous 

carbon/rGO aerogels which consist of large pore volumes and predominant number of 

accessible mesopores allowing a low resistance path for inward and outward diffusion of 

electrolyte ions and endorsing high charge storage capability resulting in a superior specific 
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capacitance of 260 F/g. The nanoporous networks in the as-prepared N-doped amorphous 

carbon/rGO serve as channels for quick ionic and electronic conduction. In addition to the 

enhanced physical properties achieved by addition of minimal amount of GO, the augmented 

specific capacitance can also be credited to the effective N-doping in ACGA-2 resulting in 

alteration of the electronic structure of rGO with increase in charge carrier density, and 

modification of interfacial and quantum capacitance.  

Keywords: Organic aerogels, Graphene Oxide, Amorphous carbon, Reduced graphene oxide. 
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1. Introduction: 

Ultra low-density three dimensional assemblies of inorganic or organic nanoparticles are 

referred to as aerogels [1,2]. Carbon aerogels are derived from pyrolysis of polymeric 

networks synthesized via sol-gel process ensued by supercritical drying wherein the solvent 

present in the wet gels is replaced with air [3-6]. The carbon networks thus formed are 

electrically conducting and have a clear three-dimensional porous network which permits 

efficient diffusion of ions. To date, various organic aerogels such as resorcinol-

formaldehyde, melamine-formaldehyde, polyurethane, polyamide, polyimide and 

polybenzoxazine have been employed to prepare three dimensional carbon networks [7-11]. 

Interestingly, metal ion aided gelation of polymeric networks leads to new class of metal and 

carbide foams [12-14]. Technologies centered on carbon based materials have consolidated 

remarkable progress in the recent years. They exhibit diversity in physiochemical properties 

such as thermal and chemical stability, electrical conductivity and tunable morphologies 

which makes them potential candidates for a wide domain of applications such as energy 

storage, catalysis, sensing, and chromatography [15]. In due course, carbon aerogels are 

interesting materials as most of these applications demand high surface area, porosity and 

electrical conductivity. Graphene oxide obtained via oxidation of graphite contains oxygen 

functionalities (hydroxyl, epoxides and carboxylic acid) which upon thermal treatment yield 

two-dimensional reduced graphene oxide (rGO) sheets. Graphene, the wonder material is of 

researchers’ attention due to its exceptional physico-chemical properties paving way for 

many technological applications [16, 17]. Rigorous attempts have been made to synthesize 

porous three- dimensional assemblies of rGO sheets to tap the exceptional properties of rGO 

and aerogels simultaneously [18-22]. For example, the carbon derived from resorcinol-

formaldehyde has been used as interconnects to synthesize graphene aerogels [19, 20]. 

Meanwhile, reducing agents such as ascorbic acid have been employed in the formation of 

porous networks of rGO [21]. Graphene aerogels fabricated by these methods have been 

widely used as electrodes in supercapacitors which show moderate specific capacitance of 

100-220 F/g which is normal for any graphene or carbon aerogel [21-26]. 

It is reasonable to envisage GO as catalyst for the gelation of polymeric networks keeping 

in mind the versatile functional groups that can readily react with diverse monomers [27, 28]. 
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Nevertheless, there are a very few reports on GO induced gelation of polymeric or cellulose 

networks [29, 30]. For example, Zhang et al [30] reported graphene oxide induced gelation of 

cellulose networks with exceptional mechanical properties. Herein, we report the first GO 

induced gelation of poly(urethane-amide) (PUE) networks, by reacting the hydroxyl and 

carboxylic acid functional groups (present in GO) with tris(4-isocyanatophenyl)methane 

(TIPM), a tri-isocyanate. The pyrolyzed poly(urethane-amide)-GO (PUE-GO) networks 

resulted in N-doped amorphous carbon/rGO aerogels with enhanced specific capacitance 

relative to rGO and amorphous carbon aerogels reported earlier [21-26].The uniqueness of 

PUE networks can be traced to the rapid reaction of isocyanate and the nucleophiles present 

in TIPM and GO. Synthesis of N-doped amorphous carbon networks from the conventional 

melamine-formaldehyde and polybenzoxazine networks is a week long process, while 

mesoporous N-doped carbon networks derived from PUE networks can be prepared within 

two days. X-ray photo electron spectroscopy (XPS) reveal that the thermal decomposition of 

poly(urethane-amide) linkages lead to N-doping (pyridinic, pyrrolic and quarternary-N ) into 

the carbon matrix. 

2. Experimental Section: 

2.1 Measurements. 

X-ray diffraction measurements were performed using PANalytical instruments (Model No: 

PW3040/60 X’pert PRO, Cu Kα radiation, λ = 1.5414 Å) at a scan rate and step size of 

1.2omin-1 and 0.02o sec-1 respectively. Analysis of the XRD patterns was done using Hi Score 

search match software and X'Pert Plus crystallographic analysis software with Rietveld 

capability. X-ray photo electron spectroscopy was performed using SPECS, Phoibos 100 

MCD Analyzer with pass energy of 20 eV (Al Kα anode (1486.6eV)) in ultrahigh vacuum 

(5×10-10mbar). Raman spectroscopy was carried out using a Renishaw Ramanscope 2000 

spectrometer with HeNe 632 nm laser. Morphological characterizations were done using 

Field Emission Scanning Electron Microscope (Zeiss supra 55VP) High resolution-

Transmission Electron Microscope images (HR-TEM) for the samples were taken using 

Tecnai G2 (FEI make).  To retain the volume of the gel intact, supercritical drying was 

carried out in a critical point drier (Model No: E3100, Quorum Technologies, Ltd) using CO2 

at critical pressure and temperature of 1200 psi and 31.2 oC respectively. Infrared spectra 
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were obtained on a Bruker Tensor 27 FT-IR Spectrometer using KBr pellets. The samples 

were pyrolyzed in a tube furnace at 800 oC at 5 oC min-1for 5 h under flowing Ar at a flow 

rate of 120 mL min-1. N2 sorption isotherms were obtained using Quadrasorb Four 

Station Surface Area. The bulk densities (ρb) were calculated using the physical dimensions 

and mass of the samples using the formula (ρb = mass/(π*r2*h) (where, r and h is the radius 

and height of the samples).Skeletal densities (ρs) were determined by Helium pycnometry 

(Micromeritics (AccuPyc 1330) instruments). The porosity values (Π) of the aerogels were 

determined from the bulk and skeletal density values according to equation, Π = 100 x [(1/ρs) 

- (1/ρb)]/ (1/ρs) [6-10]. 

 

2.1.a Materials. 

Graphite powder (300 mesh, 99%) was obtained from Alfa Aesar. Sodium nitrate 

(NaNO3), Conc.H2SO4 (98%), KMnO4 and 30% H2O2 were used as received form Sigma-

Aldrich. N, N’-Dimethyl formamide (DMF) (99.96%) was purchased from TCI Chemicals. 

Desmodur RE (tris(4-isocyanatophenyl)methane) (TIPM) (~27% in ethyl acetate) was 

purchased from Bayer-India. 

 

2.2. Electrochemical Characterization. 

Cyclic voltammetry measurements were carried out in a conventional three-electrode cell 

at 25 °C, with the electrode made by coating the active materials on a Pt substrate (1 x 

1cm2) as the working electrode,  Pt foil (2 cm2)as the counter electrode and saturated 

calomel electrode as the reference electrode. The measurements were carried out in 1 M 

H2SO4 as electrolyte. All the electrochemical experiments were carried out using an 

electrochemical workstation (Autolab PGSTAT 302N). Electrodes for the capacitance 

measurements were prepared by coating the active materials on the Pt substrate. The slurry 

was prepared using 90% of active material and 10% PTFE binder in DMF under 

ultrasonication. An appropriate quantity of the slurry was coated on a pre-washed Pt 

substrate by drop casting and then dried at 120°C in a vacuum oven. The material loading 

was maintained at 2 mg cm-2. The specific capacitance was calculated from the discharge 

curve using the equation: C=I*∆t/ (m*∆V), where I (A),∆t (s), m (g) and ∆V (V) are the 
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discharge current, discharge time from the charge-discharge curve, mass of the active 

material employed and potential difference respectively. 

 

2.3. Preparation of Graphene Oxide. 

Graphene oxide was prepared by modified Hummer’s method [31]. Typical synthetic 

procedure of GO includes slow addition of 100 mL of concentrated H2SO4 to a mixture of 3 

g of graphite powder and 3 g of NaNO3 in a round bottomed flask; the temperature being 

maintained at 0oC using an ice bath under constant stirring. To the obtained black mixture, 

12 g of KMnO4 was added slowly with vigorous stirring. After the complete addition of 

KMnO4, the mixture was maintained at 0oC under vigorous stirring. The temperature of the 

bath was increased and maintained at 35 oC for 72 h. The brownish precipitate, obtained 

after this step was washed with distilled water then the temperature was raised to 90 oC. The 

solution obtained was diluted with 250 mL of distilled water. The diluted solution was kept 

standstill for 48 h before the addition of 10 mL of 30% H2O2.The rGO oxide obtained was 

brown in colour and was washed with 4% HCl followed by several washes with distilled 

water to ensure that GO does not contain any traces of acid impurities. After several 

washings, barium sulphate was added to the filtrate to ensure there is no precipitate 

formation, which may be an indication of HCl free GO. Finally the GO was dried under 

vacuum filtration. 

 

2.3.a. Preparation of N-doped Amorphous Carbon-rGO aerogels (ACGA).  

The typical synthetic procedure for ACGA is given in scheme 1 and includes, 

ultrasonicating 2 mg (0.72 wt%)and 10 mg (3.6 wt%)of GO in 10 mL DMF for 2 h to get a 

stable dispersion. To the obtained stable dispersion of rGO oxide, 0.275 g (0.074 M) of 

Desmodur RE (tris(4-isocyanatophenyl)methane) (TIPM) was added. The resulting sol was 

poured in polypropylene molds. The gelation time of the poly (urethane-amide)-rGO oxide 

(PUE-GO) gels was found to be ~30 min and 12 min for 0.72 and 3.6 wt% respectively. In 

the absence of GO, the gelation takes ~6h.The PUE-GO gels were washed with DMF (3 × 8 

h) followed by subsequent acetone (3 × 8 h) washes. The wet gels were dried in an autoclave 

using scCO2. All samples showed minimal shrinkage of ~10-12 % upon solvent exchange 

and supercritical drying.The PUE-GO gels were pyrolyzed under Ar at 800 oC to obtain N-
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doped amorphous carbon/rGO aerogels (ACGA).The pyrolyzed PUE-GO aerogel samples 

with 0.72, 3.6 wt% and without GO are denoted as ACGA-2 and ACGA-10 and ACA 

respectively. 

 

3. Results and Discussion: 

3.1. Gelation mechanism of PUE-GO gels: 

The gelation of PUE-GO gels takes place via scheme 1 where the GO functionalities such 

as hydroxyl groups at the basal plane and carboxylic acid groups at the edges react with 

isocyanate to yield urethane and amide respectively. The gelation time can be controlled by 

varying the concentrations of GO and TIPM. FTIR spectra of as- prepared GO as shown in 

Figure 1 displays a characteristic C=O peak at 1708 cm-1, OH deformation vibration at 1370 

cm-1, C-OH stretching vibration at 1224 cm-1, C-O vibration at 1037 cm-1 and broad intense 

OH peak at 3400 cm-1[24]. The disappearance of the isocyanate peak at 2265 cm-1and 

formation of peaks in PUE-GO gels such as the NH stretch at 3313 cm-1, amide carbonyl 

stretching at 1654 cm-1, new peaks at 1509 cm-1 correspond to the NH bending vibration 

coupled with the C–N stretch confirm the reaction between GO and isocyanate yielding 

PUE-GO gels with covalent amide and urethane linkages.  
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Scheme 1: Proposed mechanism for formation of PUE-GO networks 

 

Scheme 2: Synthetic scheme of ACGA 

GO TIPM 
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3.2. Synthesis and Characterization of ACGA: 

The as prepared PUE-GO gels were pyrolyzed in a tubular furnace under Ar at 800 oC at 

a heating rate of 5oC/minute as shown in scheme 2. The obtained N-doped amorphous 

carbon/rGO aerogels were found to be monolithic. Physical properties of GO, ACA, ACGA-

2 and ACGA-10 are summarized in Table 1. Bulk densities of ACA, ACGA-2 and ACGA-10 

were found to increase upon addition of GO ranging from 0.17 to 1.21 g/cc. Skeletal density 

for all three samples is in the range of 1.88-1.93 g/cc. Skeletal density of GO  was 

determined to be 1.92 g/cc and is in close agreement with the reported value [32].The 

porosity values calculated from the difference between the reciprocals of bulk and skeletal 

densities of ACA, ACGA-2 and ACGA-10 indicate a decrease in the void space upon 

addition of GO. The drastic increase in the bulk density and subsequent decrease in porosity 

can be ascribed to the increase in the concentration of GO resulting in pore clogging.  

 

Table 1: Selected physical properties of GO, ACA, ACGA-2 and ACGA-10 samples 

aAverage of 5 samples (Mold Diameter = 1 cm), b Average of 50 measurements of a sample , c BJH  

desorption cumulative pore volume < 884 nm, d BJH desorption pore volume between 1.7-300 nm,  

Cumulative pore volume of N2 adsorbed at P/Po ≤ 0.1, f Maxima of BJH desorption plots,  

 

Figure 2(a-d) displays FE-SEM images of GO, ACA, ACGA-2 and ACGA-10. Microscopically, 

GO was found to be in the form of wrinkled sheets. FE-SEM images of ACA derived from PUE 

aerogels were found to have an interconnected meso- and macro-porous 3-D structure. The 

images of ACGA-2 show interconnected sheet like structure with voids in the mesoporous 
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regime (< 50 nm). However, FESEM images of ACGA-10 with a higher loading of GO (10 

wt%) show no pores, consistent with the observation of reduced porosity and high density  

values (Table 1) which could be due to the stacking of rGO layers leading to pore clogging. 

Figure 3 displays the HR-TEM images of GO, ACA, ACGA-2 and ACGA-10 samples. Figure 3a 

exhibits the TEM image of GO with few stacked sheets. Despite the harsh oxidation steps, the 

GO sheets was found to maintain its long range orientational order which is evident from the 

corresponding Selected Area Diffraction Pattern (SAED) of GO. The SAED pattern of GO 

reveals the disoriented hexagonal patterns with fuzzy rings which can be corroborated to the 

presence of oxygen functionalities [33]. Figure 3b displays the TEM image of ACA with 

interconnected sheets in the range of 50-100 nm. The corresponding SAED pattern of ACA 

shows diffuse rings which is typical of amorphous carbon. Figure 3c reveals the TEM image of 

ACGA-2 with interconnected sheets similar to ACA with sheet size in the range of 20-100 nm. It 

is evident from TEM images of ACGA-2 that the interconnected amorphous carbon sheets leaves 

voids in the mesopore regime (~20 nm). Owing to the minimal addition of GO and look-alike 

morphology of amorphous carbon and rGO, it was difficult to distinguish the presence of 

amorphous carbon and rGO in the ACGA-2 sample. However, the SAED pattern of the 

corresponding sample reveals bright spots and diffused rings which can be ascribed to the 

presence of rGO and amorphous carbon respectively. Figure 3d shows the TEM image of 

ACGA-10, with rGO layers masking the amorphous carbon matrix. Similar to ACGA-2 the 

SAED pattern of ACGA-10 sample showcased bright spots and diffuse rings pertaining to the 

presence of both rGO and amorphous carbon respectively. 

Textural characteristics of GO, AC, ACGA-2 and ACGA-10 were investigated by N2 sorption 

measurements. N2 sorption isotherm of GO in Figure 4a appears to be of type IV with H2 

hysteresis loop from 0.3 to 0.98 relative pressure and with a BET surface area of 98 m2/g. The 

adsorption isotherm of GO shows both meso-and microporosity which may be attributed to the 

inter-layer voids between the GO sheets and due to defects in the sheets [34]. The N2 sorption 

isotherms of ACA and ACGA-2 (Figures 4(b and c), rise above a relative pressure of 0.9 and do 

not attain saturation. They also indicate narrow hysteresis loops and considerable specific 

volumes adsorbed at low relative pressures indicating the presence of both meso-and macro-

pores. It is worthy to note that despite the presence of large number of mesopores in ACA (68%), 

the total pore volume (VT) for ACA (0.22 cm3/g) is much less as compared to ACGA-2 (0.39 
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cm3/g). The presence of large number of mesopores (69%) and large pore volume may have 

resulted in the double fold increase in surface area leading to a higher charge storage capability 

in ACGA-2. On the contrary, N2 sorption isotherm of ACGA-10 shown in Figure 4d follows a 

typical type II isotherm that can be ascribed to non-porous materials, but the hysteresis at low 

relative pressures is indicative of the presence of micropores. Therefore, ACGA-10 consists of 

both micropores (30.5%) and macropores (44.5%). The presence of micropores may have 

resulted in the observed surface area of 108 m2/g. Low pressure hysteresis observed for ACA and 

ACGA-10 samples can be attributed to the presence of narrow pores exhibiting the presence of a  

potential barrier for inward and outward diffusion. Pore volume and surface area determined 

from N2 sorption isotherms were found to be maximum when the concentration of GO was 

minimum. 

Figure 5 compares the X-ray diffraction patterns of graphite, GO, ACA, ACGA-2 and ACGA-

10. The diffraction pattern of GO suggests complete exfoliation of graphite by the disappearance 

of the characteristic peak of graphite at ~26o and formation of a new reflection at ~11.6o [24]. An 

increase in the interlayer spacing of graphite from 0.34 to 0.83 nm also confirms formation of 

GO. The ACA sample was found to be amorphous with a characteristic broad reflection at 

~26oand an interlayer spacing of ~0.36 nm. The interlayer spacing values for ACGA-2 and 

ACGA-10 were found to be similar (~0.36 nm) suggesting that there is no intercalation of rGO 

between amorphous carbon. This is well supported by the HR-TEM image of ACGA-10 which 

evidently reveals the masking of the amorphous carbon surface by rGO.  

The successful incorporation of rGO in the amorphous carbon matrix was determined by Raman 

spectroscopy. Comparison of Raman spectra of GO, ACA and ACGA-2 and ACGA-10 is shown 

in Figure 6. Two prominent peaks at ~ 1350 cm-1 and ~1580 cm-1 correspond to D and G band 

respectively. The D band arises from the structural defects whereas the G band corresponds to 

the first-order scattering of the E2g mode from the sp2 domains [35].The gradual increase in ID/IG 

for ACGA-2 and ACGA-10 after addition of GO relative to ACA indicates an increase in 

defective sites due to the incorporation of the heteroatom [36]. 

XPS was used to determine the % content and types of nitrogen species present in the aerogel 

samples. Table 2 shows the elemental composition of GO, ACA, ACGA-2 and ACGA-10 

samples quantified from XPS. As-prepared GO displayed high oxygen content (43.44%) with 

absence of nitrogen species. Upon pyrolysis at elevated temperature, ACA, ACGA-2 and 

Page 11 of 29 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 12

ACGA-10 samples show carbon content as high as 89.6, 84.07 and 84.82% respectively. The 

drastic increase in carbon content can be attributed to the successful reduction of oxygen 

functionalities upon pyrolysis at elevated temperatures. The % atomic nitrogen present in ACA, 

ACGA-2 and ACGA-10 samples were found to be 2.12, 4.67 and 4.72 respectively. The nitrogen 

atoms doped into the amorphous carbon/rGO matrix can be ascribed to the decomposition of 

poly(urethane-amide) linkages upon thermal treatment [37-39].As observed from Table 2,the N 

content increases from ACA to ACGA-10. This observation is due to the fact that N-doping 

occurs only in the amorphous carbon matrix of ACA while N-doping in ACGA occurs both in 

the rGO layers as well as in the amorphous carbon matrix. 

 

Table 2. Elemental composition of GO, ACA, ACGA-2 and ACGA-10 by XPS 

 

 

 

 

 

  

 

XPS spectra shown in Figure 7a, reveals that the as prepared GO possesses no N peak. Analysis 

of the C1s spectrum of GO shown in Figure 7b, indicates the presence of oxygen functionalities 

with their signature peaks at higher binding energies corresponding to C-C, C-O, C=O, O=C-OH 

at 284.86 eV, 285.8 eV, 287.2 eV and 288.6 eV respectively [24]. XPS spectra of ACA, ACGA-

2 and ACGA-10 shown in Figure 7c, display intense C-C peak at 284.86 eV, small signals at 

higher binding energies correspond to C=N and C-N. The deconvoluted high resolution spectra 

of N 1s peak of all three samples shown in Figure 7d indicates the presence of three peaks at 

binding energies 393.8, 400.1 and 400.95 eV corresponding to pyridinic, pyrrolic and quaternary 

nitrogen, respectively [26, 40]. From the physical and chemical characterization of PUE-GO and 

ACGA, it is evident that GO plays a vital role in (i) inducing the gelation of poly(urethane-

Page 12 of 29RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 13

amide) networks; and (ii) tailoring the physical properties of N-doped amorphous carbon-rGO 

aerogels. 

 

3.3 Electrochemical investigation of ACGA: 

Investigations for the suitability of ACGA as supercapacitor electrode materials were carried out 

in a standard three electrode system using 1M H2SO4 electrolyte. It can be seen form Figure 8a 

that all the cyclic voltammograms are nearly rectangular in shape indicating pure electrical 

double layer capacitance, consistent with the behavior of conventional carbon aerogels. The 

near-linear charge/discharge curves also endorse the double layer capacitive behavior of ACA, 

ACGA-2 and ACGA-10. At a current density of 0.5A/g, the specific capacitance of ACGA-2 as 

calculated from the slope of the charge discharge curves (Figure 8b) was found to be 260F/g 

which is higher than the specific capacitance values of ACA (31 F/g) and ACGA-10 (9 F/g) at 

the same current density. The obtained specific capacitance value for ACGA-2 is much higher 

when compared to 3-D nitrogen and boron doped graphene networks (128, 240 F/g) [41], 

hydrogels (160, 166, 186, 190 F g−1) [42-46] and carbon nanotube spaced (245 F/g) [47] 

electrodes in aqueous medium. Nevertheless, there are few reports with better specific 

capacitance for graphene aerogels alone [48, 49]. Although the surface area of ACGA-2 is not 

very high as compared to other rGO/carbon based electrode materials, the presence of accessible 

mesopores promotes shorter diffusion pathways with less resistance for the electrolyte ions 

thereby increasing charge storage at these sites. Its large pore volume allows efficient double 

layer formation and dynamic charge propogation thus efficiently utilizing the electrochemically 

active electrode surface. Despite the presence of mesopores (25%), the extremely low 

capacitance exhibited by ACGA-10 may be realized from the narrow pore width (~9 nm) which 

is in close proximity to the micropore range. Additionally, the augmented specific capacitance 

can be credited to the effective N-doping in ACGA-2 resulting in alteration of the electronic 

structure of rGO with increase in charge carrier density, and modification of interfacial and 

quantum capacitance. Although the N-content of ACGA-10 is similar to ACGA-2, the same 

effect is not observed in ACGA-10 sample because of the disordered stacking of rGO layers on 

the surface of the amorphous carbon thereby clogging pores and hampering inward and outward 

diffusion of electrolyte ions, as evident from HR-TEM image of ACGA-10 [50].  Figure 8c 

shows the variation of current density for ACGA-2 as a function of potential sweep rate. It can 
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be observed that even at high scan rates, the shape of the CV remains rectangular with slight 

deviations at higher potentials owing to the insufficient time available for charge propagation 

during quick scans. 

Figure 8d displays the rate performance of ACGA-2 determined by galvanostatic 

charge/discharge at increasing current densities. It is observed that the specific capacitance of the 

aerogel decreases with increasing current density. On increasing the current density from 0.5 to 

5A/g, the capacitance value for ACGA-2 decreases to 188F/g and a further decrease to 175F/g 

was observed at a current density of 10A/g. Although there is a slight deterioration in the 

capacitance value, the curves exhibit symmetry and linearity affirming the stability of ACGA-2 

at high current densities which is due to the excellent ionic and electronic transport within the 

porous network. A long cycle life is a vital requirement for an electrode material when 

considered for supercapacitor applications. The electrochemical cycling stability of ACGA-2 

was evaluated by repeated charge-discharge cycles between the potential window of -0.2V to 

0.8V at a current density of 0.5A/g (Figure 8e). Even after 2000 continuous cycles, only a 3% 

decay in specific capacitance was observed for ACGA-2 which is indicative of the excellent rate 

performance of ACGA due to the robust cross-links, hierarchical mesoporous structure and 

enhanced surface area of ACGA-2 relative to ACA and ACGA-10. 

 

The electrochemical impedance measurements were conducted for ACA, ACGA-2 and ACGA-

10 samples in the frequency range of 1 MHz to 100 mHz at an open circuit potential and 

amplitude of 0.34 V and 5 mV respectively and the resulting Nyquist plots are shown in Figure 

9. The presence of a distinctive semicircle in the high frequency region of a Nyquist plot denotes 

the charge transfer resistance of a sample. The faster kinetics of electrolyte ions can be 

interpreted from the radius of this semicircle, generally smaller the radius of the semicircle, 

lesser is the charge transfer resistance (Rct) [49, 50]. The presence of an indistinct semicircle for 

ACGA-2 relative to ACA and ACGA-10 in the high frequency region is indicative of a very low 

charge transfer resistance at the electrode/electrolyte interface favoring faster ion transfer 

kinetics. The low Rct for ACGA-2 suggests high conductivity which may be due to its well-

connected porous carbon network with higher pore volume and surface area providing electrolyte 

ions the liberty to permeate easily into the mesopores of the electrode material. The equivalent 

series resistance (ESR) calculated from the x-intercept of the Nyquist plot shows that ACGA-2 
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(0.8 ohm) has the least ESR compared to ACGA-10 (1.9 ohm) and ACA (1.72 ohm). This result 

is consistent with our claim that a higher loading of GO results in precluding the active surface 

area of the electrode material. The slope of the 45 degree portion of the curve is called the 

Warburg impedance and is indicative of the ion diffusion at the electrode/electrolyte interface. 

The short Warburg line for ACGA-2 connotes a short ion diffusion path which allows a low 

resistance path for ion penetration and an easy access to the surface area. As seen from Figure 8, 

the near vertical line at lower frequency region for ACGA 2 is an indication of pure capacitive 

behaviour. The slanting lines observed for ACA and ACGA-10 can be attributed to the limited 

diffusion of electrolyte ions owing to the presence of narrow pores resulting in lower charge 

storage.  

 

4. Conclusions: 

In summary, we have demonstrated GO induced gelation of PUE gels:1. The gelation time of 

PUE-GO gels can be controlled by varying the concentration of GO. 2. The pyrolyzed PUE-GO 

gels under inert atmosphere yield ACGA with enhanced surface area and porosity. Interestingly, 

ACGA-2 with a minimum concentration of GO (0.72 wt%) was found to be mesoporous with a 

surface area of 260 m2/g. The as-prepared ACGA-10 gels were found to contain narrow pores 

and the clogging of pores due to stacking of rGO resulted in decreased surface area and porosity 

(as evident from N2 sorption isotherms and microscopic images).  The decomposition of 

polyurethane and amide linkages resulted in N-doping into the carbon matrix. The rapid reaction 

of isocyanate and the nucleophiles in GO results in faster gelation of PUE networks in turn 

assisting in time efficient synthesis of  N-doped amorphous carbon aerogels. Electrochemical 

investigations suggest that ACGA-2 sample displays a specific capacitance of 260 F/g, a value 

considered high for rGO and amorphous carbon aerogels. Furthermore, the material displayed a 

high electrochemical cycling stability with a capacitance decay of only 3% after 2000 cycles. 

The enhanced specific capacitance of ACGA-2 is due to the tailoring of the porous structure by 

GO resulting in a hierarchical predominantly mesoporous network offering efficient ionic 

transport and low resistance diffusion pathways. The enhanced capacitance of ACGA-2 can be 

credited to the structural modification of amorphous carbon matrix brought about by the addition 

of minimal amount of GO and also by the modification of electronic structure accompanied by 

increased charge carrier density which in turn enhances the interfacial capacitance between the 
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electrode material and the electrolyte. Also, it has to be clarified that the structural modification 

of amorphous carbon matrix achieved by minimal addition of GO has to be further explored. 

This 3-D porous structured network can also be extended to other device applications such as Li-

ion batteries, hybrid supercapacitors etc. 
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Figures: 

 

 

Figure 1: FTIR Spectra of  (A) Tris(4-isocyanatophenyl)methane (TIPM), (B) Graphene Oxide (GO),  

(C) Poly(urethane-amide)- GO (PUE-GO) gel. 
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Figure 2: FE-SEM images of (A) Graphene Oxide (GO) (B) N-doped amorphous carbon aerogel (ACA) 

(C) N-doped amorphous carbon-rGO aerogel-2 (ACGA-2) (D) N-doped amorphous carbon-rGO aerogel-

10 (ACGA-10). 
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Figure 3: HR-TEM images of (A) Graphene Oxide (GO) (B) N-doped amorphous carbon aerogel (ACA) 

(C) N-doped amorphous carbon-rGO aerogel-2 (ACGA-2) (D) N-doped amorphous carbon-rGO aerogel-

10 (ACGA-10). Inset: Selective Area Diffraction (SAED) Pattern of corresponding samples. 
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Figure 4. N2 sorption isotherms of (A) Graphene Oxide (GO) (B) N-doped amorphous carbon aerogel 

(ACA) (C) N-doped amorphous carbon-rGO aerogel-2 (ACGA-2) (D) N-doped amorphous carbon-rGO 

aerogel-10 (ACGA-10). Inset: BJH pore size distribution plots for respective N2 sorption isotherms 
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Figure 5. XRD of Graphite, Graphene Oxide (GO), N-doped amorphous carbon aerogel (ACA), N-doped 

amorphous carbon-rGO aerogel-2 (ACGA-2), N-doped amorphous carbon-rGO  aerogel-10 (ACGA-10) 
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Figure 6. Raman Spectra of Graphene Oxide (GO), N-doped amorphous carbon aerogel (ACA), N-doped 

amorphous carbon-rGO aerogel-2 (ACGA-2), N-doped amorphous carbon-rGO aerogel-10 (ACGA-10). 
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Figure 7. (A) XPS spectra of Graphene Oxide (GO), N-doped amorphous carbon aerogel (ACA), N-

doped amorphous carbon-rGO aerogel-2 (ACGA-2), N-doped amorphous carbon-rGO aerogel-10 

(ACGA-10), (B) C 1s spectra of Graphene Oxide (GO), (C)  C 1s spectra of N-doped amorphous carbon 

aerogel (ACA), N-doped amorphous carbon-rGO aerogel-2 (ACGA-2), N-doped amorphous carbon-rGO 

aerogel-10 (ACGA-10), (D) N 1s spectra of N-doped amorphous carbon aerogel (ACA), N-doped 

amorphous carbon-rGO aerogel-2 (ACGA-2), N-doped amorphous carbon-rGO aerogel-10 (ACGA-10). 
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Figure 8:(A) Cyclic Voltammograms of N-doped amorphous carbon aerogel (ACA);N-doped amorphous 

carbon-rGO aerogel-2 (ACGA-2) and N-doped amorphous carbon-rGO aerogel-10 (ACGA-10) in 1 M 

H2SO4 at a scan rate of 50 mV/s; ;(B) Cyclic Voltammograms of ACGA-2 in 1 M H2SO4 at different scan 

rates; (C) Charge-discharge curve of ACA, ACGA-2 and ACGA-10 at a current density of 0.5 A/g in 1M 

H2SO4 ; (D) Charge-discharge curve of ACGA-2 at different current densities in 1 M H2SO4; (D) 

Electrochemical cycling stability of ACGA-2 after 2000 cycles at a current density of 0.5 A/g in 1 M 

H2SO4. 
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Figure 9.Nyquist plot of N-doped amorphous carbon aerogel (ACA), N-doped amorphous carbon-rGO 

aerogel-2 (ACGA-2), N-doped amorphous carbon-rGO aerogel-10 (ACGA-10) 
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